In the present work a new model of a refractive index (RI) sensor is exhibited. This is based on a dual core micro-structured optical fiber (MOF), where two holes are introduced at the core centers. In this way, the model enhances the interaction of the fiber modes propagated in the core region, providing the possibility of increasing the dimensions of the fiber sensor. Thus, the filling of the fiber holes with the fluid under study is facilitated, and generally the practical use of the system as a refractive index sensor is greatly simplified. The sensitivity of the system for various configurations has also been determined. It is found that it can reach record values of the order of 7000 nm/RIU. Finally, the use of the system as a bio-sensor has been examined, giving very promising results regarding both the sensitivity and the ease of the calibration.
Introduction
Micro-structured optical fibers (MOF) are very well suited for refractive index (RI) sensing [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and bio-sensing [13] [14] [15] [16] [17] [18] [19] [20] applications,. In most cases, they consist of an array of holes running along the entire length of the fiber, surrounding a solid or hollow core. In the first case the guiding is achieved by photonic bandgap, while in the second one by total internal reflection. A special class of micro-structured optical fibers is the dual solid core ones [3, 18] . In this case, coupling between the propagating modes in the two cores occurs, because of their interaction through their evanescent fields. This coupling can also be described using a pair of super-modes, (a symmetric (even) and an anti-symmetric (odd) one), which are depicted in Fig. 1 .
In all cases, the RI sensing is attained by filling the fiber holes with the fluid under investigation and observing the changes in the propagating modes. However, from a practical point of view the filling of the fiber holes implies difficulties because of their small diameter, typically of the order of1 m  . Therefore, it would be desirable 2 to increase the dimensions of the fiber holes in order to facilitate the practical application of the sensor. However, this implies that the distance between the fibers cores should also increase, decreasing the strength of their interaction. In the present work, a modification of the basic design is proposed, by introducing a hole at the center of the fiber cores. This results to spreading of the mode field and increases the interaction between the cores, providing the opportunity to increase their separation without suppressing their interaction.
From a physical point of view, the coupling is due to a periodic transfer of power between the two cores and can be expressed by the formula 
where 21 T is the proportion of the mode power transferred between the two cores for propagation length L .Also,  is the phase difference between the even and odd super-mode, defined by the relation
Here, 
where 0  is the free-space wavelength.
Combining equations (1), (2) and (3) the proportion of the mode power, transferred between the cores, finally becomes 2 21 sin 2
Consequently, the coupling length is equal to the propagation distance where the optical Novel design of refractive index sensors and bio-sensors based on a dual-core micro-structured optical fiber 3 power is completely transferred from one core to the other. Obviously, the strength of the interaction is inversely proportional to the coupling length.
Analysis of the sensitivity of the MOF sensor
In order to use the MOF as refractive index sensors, the fluid under investigation fills the fiber holes altering the value of eff n  . This alteration can be practically measured either by the change of the transferred mode power for a monochromatic source, or by the shift of the wavelength when the maximum transmittance occurs for a broadband source [3, 18] . In the first case, the change of the transferred mode power as a function of the change in 
In the second case, the fiber length is fixed to the value where maximum transmittance occurs, namely
Eq. (7) implies that the wavelength at maximum transmittance is equal to 
Numerical calculation of the mode profile and the effective refractive index
In order to calculate the mode profile and the effective refractive index for each configuration, mode analysis has been applied on a cross section of the MOF [21] . In this analysis the MOF contains the two cores and the array of holes that confine the electromagnetic field. It is supposed that the electromagnetic wave propagates along the fiber length, defined as +z direction in the analysis. It has the form
where   Writing the Maxwell equations in matrix form, and eliminating the longitudinal field components, an eigenvalue problem is obtained.
Its solution provides the propagation constants  and the corresponding mode profiles for each configuration. More details on the algorithm used in the simulations can be found in [22] . The simulations were also assisted by the Comsol Multiphysics software package.
Improvement of the MOF sensor through the introduction of central holes at the fiber cores
Initially, a standard dual core micro-structured fiber has been considered. Three different models were studied with different values of the core separation, namely 2 -one hole between the cores, 3 -two holes between the cores, and 4 -three holes between the cores, where Λ is the distance between adjacent holes. The results regarding the coupling length and the sensitivity are shown in figures 2a and 2b respectively. It is clear that as the wavelength increases, the coupling length decreases. This is expected since as the wavelength increases the mode profile is extended. Consequently, the interaction between the modes propagating in the two cores of the fiber increases too. Also, the coupling length increases as the core separation increases, which is also expected based on the above argument.
As far as the sensitivity is concerned it is also clear that it increases as the core separation becomes larger. It should be noted that the enhancement of the sensitivity as the core interaction becomes weaker, can be considered as a general trend, which is also valid for fibers As it was also mentioned in the introduction, it would be desirable to increase the dimensions of the fiber in order to facilitate the filling of the holes. In the numerical modeling this is achieved by introducing a parameter, scale, affecting all the dimensions of the fiber. For example, if the scale parameter is set to 2, then the dimensions of all the fiber features are doubled. The results have shown that the general trend observed in the case of scale=1, namely the increase of the sensitivity as the core separation increases, is also valid here. However, in this case the functional wavelength range of the fiber is restricted, either because the fiber becomes multi-mode, or the core interaction is fully suppressed. Of course, the functional wavelength range shrinks even further as the scale parameter increases, and eventually the fiber becomes unusable, at least as an RI sensor.
Therefore, it is clear that in order to use the MOF as a RI sensor for quite large values of the scale parameter, a substantial modification in the fiber design has to be made. This is necessary in order to enhance the core interaction and suppress the multimode behavior. Both of these goals can be achieved by introducing a small hole in the center of the fiber cores. This is described in the model by a parameter called ahole. For the precise, the parameter ahole describes the ratio of the hole diameter at the center of the cores to the hole diameter in the surrounding. From a physical point of view, the introduction of a hole at the center of the cores reduces the effective area of the modes in the core region. This leads to mode spreading, and consequently enhancement of the core interaction and suppression of the multimode behavior.
This has also been verified by the results of the numerical simulations for 1-hole core separation, shown in Fig. 3a, 3b regarding the coupling length and the sensitivity respectively. Similar results are obtained for 2-hole core separation, as shown in It is clear that the coupling length and the sensitivity decrease as the hole diameter increases, and consequently the mode interaction between the two cores becomes stronger, enabling the use of larger values of the scale parameter. As a characteristic example, the results for the sensitivity as a function of the parameter ahole, when the scale parameter is equal to 2 and 3 are shown in Fig. 5a and 5b respectively. It should be noted that in figures 2-5 there are not many data points for some wavelengths, due to the fact that the functional range of the sensor is limited at these wavelengths. However, in all cases, there are enough data to determine the form of the fitting functions.
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Application of the system as bio-sensor
In recent years, the use of nano-photonic systems, and especially photonic crystal fibers as biosensors, has become a subject of intense research [22] [23] [24] [25] [26] [27] [28] . In this section, we shall check the potential of our system as a bio-sensor by considering a thin layer of biomaterial attached in the inner surface of the core holes. For example, a practical use of this analysis could be the study and optimization of label-free antibody detection using the highly selective antigen-antibody binding [29] . Specifically, we have studied the effect of the bio-layer thickness respectively. The parameters used in the simulations are the same as in Fig. 7 except the core separation, which is now 1-hole.
Conclusions
In conclusion, a new design for refractive index sensors based on a micro-structured dual core optical fiber is exhibited. This is based on the introduction of a small hole at the central region of the fiber cores. This causes mode spreading, enhancing the core interaction and suppressing undesirable multi-mode behavior. In this way, the dimensions of the MOF sensor can become large, facilitating its practical use. Further, the same principle has been applied to a dual core conventional optical fiber. In this case, numerical simulations have shown that it can also operate as a refractive index sensor, where the sensitivity can be controlled mainly by the core separation. Further, we have performed simulations regarding the potential of the system for use as a bio-sensor, which gave very promising results regarding both the sensitivity and the ease of the calibration.
